The incidence of hypertension increases after menopause. Similar to humans, "slow-pressor" doses of angiotensin II (AngII) increase blood pressure in young males, but not in young female mice. However, AngII increases blood pressure in aged female mice, paralleling reproductive hormonal changes. These changes could influence receptor trafficking in central cardiovascular circuits and contribute to hypertension. Increased postsynaptic NMDA receptor activity in the hypothalamic paraventricular nucleus (PVN) is crucial for the sympathoexcitation driving AngII hypertension. Estrogen receptors beta (ERβ) are present in PVN neurons. We tested the hypothesis that changes in ovarian hormones with age promote susceptibility to AngII hypertension, and influence NMDA receptor NR1 subunit trafficking in ERβ-containing PVN neurons. Transgenic mice expressing enhanced green fluorescent protein (EGFP) in ERβ-containing cells were implanted with osmotic minipumps delivering AngII (600 ng/kg/min) or saline for 2 weeks. AngII increased blood pressure in 2 monthold males and 18 month-old females, but not in 2 month-old females. By electron microscopy, NR1-silverintensified immunogold (SIG) was mainly in ERβ-EGFP dendrites. At baseline, NR1-SIG density was greater in 2 month-old females than in 2 month-old males or 18 month-old females. After AngII infusion, NR1-SIG density was decreased in 2 month-old females, but increased in 2 month-old males and 18 month-old females. These findings suggest that, in young female mice, NR1 density is decreased in ERβ-PVN dendrites thus reducing NMDA receptor activity and preventing hypertension. Conversely, in young males and aged females, NR1 density is upregulated in ERβ-PVN dendrites and ultimately leads to the neurohumoral dysfunction driving hypertension.
INTRODUCTION
Hypertension is more prevalent in men than in pre-menopausal women, but this relationship is reversed following menopause (Martins et al., 2001; Wiinberg et al., 1995) . In mice, administration of "slow-pressor" doses of angiotensin II (AngII) induces hypertension in 2 month-old males, but not in age-matched females (Girouard et al., 2008; Xue et al., 2013) . However, AngII infusion increases blood pressure in aged female mice (Tiwari et al., 2009 ). This age-related induction may reflect changes in the reproductive hormonal milieu in aged mice. Whereas 2 month-old female mice experience cyclic fluctuations of ovarian hormones every 4-5 days over the course of the estrous cycle, 18 month-old female mice no longer experience regular estrous cycles (persistent estrus or diestrus) and exhibit low estrogen levels (Nelson et al., 1995) . These hormonal changes could influence receptor trafficking in central cardiovascular circuits and ultimately contribute to hypertension during menopause.
Accumulating evidence has shown that estrogen plays a protective role against hypertension (Knowlton and Lee, 2012; Xue et al., 2013) . Central infusion of 17β-estradiol attenuates AngII-induced hypertension in males and ovariectomized (OVX) female mice, whereas blockade of estrogen receptors (ERs) increases AngII effects in intact females (Xue et al., 2007b) . However, aging, sex, and fluctuations in hormonal levels alter ERβ levels (Haywood et al., 1999; Milner et al., 2008; Mott and Pak, 2013; Zuloaga et al., 2013) and subcellular distribution in the brain, particularly in areas critically involved in neural control of blood pressure. Specifically, fluctuations in circulating estrogen levels have been shown to modulate ERα levels in the nucleus of the solitary tract (NTS) and in the paraventricular nucleus of the hypothalamus (PVN) in rats (Haywood et al., 1999; Milner et al., 2008) .
The PVN plays a critical role in central cardiovascular control (Gabor and Leenen, 2012) . Increased sympathoexcitatory output from the PVN is characteristic of hypertension, and NMDA receptors play a key role in regulating PVN neuronal excitability Li and Pan, 2010; Li et al., 2008) . In spontaneously hypertensive rats (SHR), increases in basal frequency of glutamatergic excitatory postsynaptic currents and amplitude of postsynaptic NMDA currents have been shown in presympathetic PVN neurons (Li et al., 2008) . Moreover, involvement of NMDA receptor activation in the PVN has been shown in AMPA and group I metabotropic glutamate receptors-induced sympathoexcitation in SHR Li and Pan, 2010) . In the hippocampus of aged female rats, estrogens have been shown to differentially modulate subsynaptic NMDA receptor NR2 subunit density (Adams et al., 2004) . Therefore, the decreasing estrogen levels observed in menopausal aged females could alter glutamatergic transmission in the PVN and blood pressure.
ERβ is expressed in spinally projecting PVN neurons that have a role in regulating sympathetic tone (Bingham et al., 2006; Laflamme et al., 1998; Milner et al., 2010) . Microinjection of an ERβ agonist into the PVN of rats attenuates mineralocorticoid-induced blood pressure elevation, whereas selective knockdown of ERβ in the PVN results in blood pressure increase (Xue et al., 2013) . In accordance with a protective role against hypertension, increase in neuronal nitric oxide (NO) synthase in PVN ERβ-expressing neurons has been reported in hypertensive female mice (Xue et al., 2009) , and ERβ-mediated attenuation of the pressor response to PVN Lglutamate injection by administration of estrogen has been shown in male rats (Gingerich and Krukoff, 2006) .
The balance between inhibitory (GABAergic) and excitatory (glutamatergic) transmission is altered in hypertension. Increased glutamatergic input and up-regulation of post-synaptic NMDA receptor activity in PVN neurons projecting to the intermediolateral (IML) cell column of the spinal cord support the enhancement of sympathetic outflow in hypertension (Gabor and Leenen, 2012; Li et al., 2008; Wang et al., 2013; Ye et al., 2012) . Therefore, the present study sought to determine if differential changes occur in the density and trafficking of the obligatory NMDA receptor NR1 subunit in ERβ-expressing cells of the PVN in response to "slow-pressor" AngII infusion in an aging model of menopause. Blood pressure variation and NR1 density and Experimental procedures were approved by the Institutional Animal Care and Use Committees of Weill Cornell Medical College and The Rockefeller University and were in accordance with the 2011 Eighth Edition of the National Institute of Health Guide for the Care and Use of Laboratory Animals. Studies were conducted in ERβ-enhanced green fluorescent protein (ERβ-EGFP) mice on a C57BL/6 background . Details on the characterization of this mouse have been described previously . Briefly, ERβ-EGFP mice were originally developed by the GENSTAT project (www.genstat.org) at the Rockefeller University (Gong et al., 2003) . Hemizygote BAC-based ERβ transgenic mice were originally on a FVB/N background and have been back-crossed with wild-type C57BL/6 mice for six generations. Two month-old males and females, and 18 month-old female mice were used. Three-four mice were housed per cage with 12:12 light/dark cycles with ad libitum access to food and water.
Estrous cycle stage was determined using vaginal smear cytology (Turner and Bagnara, 1971 ) daily between 9:00 and 10:00 AM. In young (pre-menopausal) mice, estrous cycles are 4-5 days long and consist of 3 primary phases: proestrus (high estrogen levels; 0.5-1 day), estrus (declining estrogen levels; 2-2.5 days) and diestrus (low estrogen and progesterone levels; 2-2.5 days). Aged (16-18 months-old, post-menopausal) mice show an acyclic, anestrous status, in which persistent estrus is observed and ovulation has ceased. Only young female mice with regular estrous cycles (at least two regular estrous cycles prior to the study beginning) were included in the study. To control for the effects of handling, male mice were removed from their cage and handled daily.
Mice (n=4) were anesthetized with isofluorane (induction 5%; maintenance 1.5-2% in oxygen) and their spinal cords were exposed at the T2-T4 level through dorsal laminectomy. Using a custom-made Hamilton syringe (Model 75 SN SYR, 5 µl, 32 gauge; Reno, NV), 1 µl of 4% Fluorogold (FG, Fluorochrome Inc., Denver, CO) was pressure injected into the IML region of the spinal cord and the incision was sutured after the injection (Li et al., 2008; Wang et al., 2013) .
Under isofluorane anesthesia, osmotic mini-pumps (Alzet, Durect Corporation, Cupertino, CA) containing vehicle (saline+0.1% bovin serum albumin -BSA) or AngII (600 ng · kg · min ) were implanted subcutaneously in males (N=6 in control group, N=7 in AngII group), and in young (N=3 in both groups) and aged (N=4 in both groups) female mice. Systolic blood pressure (SBP) was measured before (baseline), and 2, 5, 9 and 13 days after mini-pump implantation in awake mice by tail-cuff plethysmography (Model MC4000; Hatteras Instruments, Cary, NC), as described previously (Coleman et al., 2010) . To control for handling effects, mice were sacrificed one day after the final SBP measurements .
Immunocytochemical procedures
For a list of the antibodies used in the present work, please see Table 1 . For labeling of EGFP, a chicken polyclonal anti-GFP antibody (GFP-1020; Aves Lab Inc., San Diego, CA) was used. The GFP antibody was generated against recombinant GFP and recognizes the gene product of EGFP-expressing transgenic mice (Encinas et al., 2006) . The specificity of this antibody has been demonstrated by immunohistochemistry and Western blot using transgenic mice that express GFP, resulting in one major band at
Tissue preparatioñ 27 kD (see data sheet for EGFP-1020 at www.aveslab.com). Moreover, absence of labeling has been shown in brain sections from mice that lack EGFP (Milner et al., 2011; Volkmann et al., 2010) . Previous work from our group has shown that labeling of EGFP in ERβ-EGFP-expressing mice closely corresponds to that reported for ERβ protein and mRNA . The specificity of the anti-ERβ antisera used in the study of Milner et al. (2010) has been shown by double label with mRNA using in situ hybridization, preadsorption control and absence of labeling in brain sections from ERβ knock-out mice (Creutz and Kritzer, 2002; Shughrue and Merchenthaler, 2001 ). Table 1 Antibodies used in study.
To identify NR1, a monoclonal rat anti-NR1 antibody (clone 54.1; BD Biosciences, San Diego, CA) was used. Reduced labeling for this antiserum has been shown following rAAV-Cre administration into the brain of floxed NR1 mice (Beckerman and Glass, 2012; Glass et al., 2008) . Specificity of the NR1 antibody was characterized via immunoprecipitation and immunohistochemistry Siegel et al., 1994; Siegel et al., 1995) . Western blot analysis of rat synaptic membranes and monkey hippocampal homogenates probed with the NR1 antibody resulted in one major band at ~116 kD. HEK 293 cells transfected with cDNA encoding NR1 displayed similar results whereas non-transfected cells resulted in no bands (Siegel et al., 1994) . For fluorescence immunohistochemistry, mice were deeply anesthetized with sodium pentobarbital (150 mg/kg) and their brains fixed by aortic arch perfusion sequentially with 2-3 ml saline (0.9%) containing 2% heparin followed by 30 ml of 4% paraformaldehyde (PFA) in 0.1M sodium phosphate buffer (PB; pH 7.4). After the perfusion, the brains were post-fixed for 24 h in PFA at 4°C.
For immunoelectron microscopy, mice were deeply anesthetized with sodium pentobarbital (150 mg/kg, i.p.) and fixed by aortic arch perfusion sequentially with 2-3 ml saline (0.9%) containing 2% heparin followed by 30 ml of 3.75% acrolein and 2% PFA in PB (Milner et al., 2011) . After the perfusion, brains were removed and postfixed for 30 min in 2% acrolein and 2% PFA in PB at room temperature. Brains were then cut into 5 mm coronal blocks using a brain mold (Activational Systems, Inc., Warren, MI) and sectioned (40 µm thick) on a VT1000X Vibratome (Leica Microsystems, Buffalo Grove, IL). Brain sections were stored at −20°C in cryoprotectant (30% sucrose, 30% ethylene glycol in PB) until immunocytochemical processing (Milner et al., 2011) . 
Ultrastructural data analyses
For dual labeling of EGFP and FG, single PVN sections were removed from the cryoprotectant, rinsed thoroughly in PB and incubated in 0.5% BSA in 0.1 M TS for 30 min to minimize nonspecific binding of the antisera. Sections were then incubated in anti-GFP (1:10000) and anti-FG (1:2000) antibodies in 0.1 M Tris-buffered saline (TS, pH 7.6) with 0.1% BSA for 24 h at room temperature. The tissue was then moved to 4°C for additional 24 h. Sections were rinsed in TS and incubated sequentially in Alexa Fluor 488 goat anti-chicken IgG and Cy5 donkey anti-guinea pig IgG (both at 1:400 dilution; Invitrogen-Molecular Probes, Carlsbad, CA) for 1 hr each. Sections were mounted on gelatin-coated slides, air-dried and coverslipped with slowFade Gold reagent (Invitrogen-Molecular Probes, Grand Island, NY). Immunofluorescent photographs were acquired using a Leica (Nussloch, Germany) confocal microscope. Z-stack analysis was employed to verify dually labeled neurons.
Tissue sections were processed using a pre-embedding dual immunolabeling protocol, as described previously (Milner et al., 2011) . The tissue was treated with 1% sodium borohydride in 0.1 M PB for 30 min to neutralize reactive aldehydes and rinsed thoroughly in PB. The freefloating sections were then immersed in 0.5% bovine serum albumin (BSA) in 0.1 M TS for 30 min. The tissue then was incubated at room temperature in a solution of anti-NR1 (1:50) antiserum in 0.1 M TS with 0.1% BSA for 48 h. Anti-GFP (1:2500) antiserum was added to the primary antibody diluent at 24 h and the tissue was moved to 4 °C.
For immunoperoxidase detection of EGFP, sections were placed for 30 min in goat anti-chicken IgG (1:400; Jackson ImmunoResearch Inc., West Grove, PA), followed by 30 min incubation in avidin-biotin complex (Vector Laboratories, Burlingame, CA). After rinsing in TS, the bound peroxidase was visualized by reaction of the sections for 6-7 min in 3,3′-diaminobenzidine (DAB; Sigma-Aldrich Chemical Co., Milwaukee, MI) and hydrogen peroxide.
For immunogold detection of NR1, the DAB-reacted sections were rinsed, and placed overnight in a 1:50 dilution of donkey anti-mouse IgG with bound 1 nm colloidal gold [Electron Microscopy Sciences (EMS), Fort Washington, PA]. The gold particles were fixed to the tissue in 2% glutaraldehyde in 0.01M phosphate-buffered saline (PBS, pH 7.4) and rinsed in PBS followed by 0.2 M sodium citrate buffer (pH 7.4). Bound silver-gold particles were enhanced using a Silver IntenSEM kit (RPN491; GE Healthcare, Waukeska, WI) for 7 min.
Tissue sections were postfixed in 2% osmium tetroxide for 1 hr, dehydrated through a series of graded ethanols and propylene oxide, and flat-embedded in Embed-812 (EMS) between two sheets of Aclar plastic. Ultrathin sections (70 nm thickness) from the PVN were cut with a diamond knife (EMS) using a Leica EM UC6 ultratome. The sections were collected on 400-mesh thin-bar copper grids (EMS) and counterstained with uranyl acetate and lead citrate.
Sections were examined using a Tecnai transmission electron microscope. Images were collected at a magnification of 18,500. Profiles containing NR1 with EGFP immunoreactivity were classified as neuronal (soma, dendrites, axons, terminals) or glial based on criteria described by Peters et al. (1991) . Dendritic profiles contained regular microtubular arrays and were usually postsynaptic to axon terminal profiles.
An equal amount of tissue from each treatment group (9596 µm2/group) was sampled for electron microscopic analysis. In each block, 50 dual-labeled dendritic profiles were photographed and analyzed. Immunoperoxidase labeling for EGFP was distinguished as an electron-dense reaction product precipitate. Silver-intensified immunogold (SIG) labeling for NR1 appeared as black electron-dense particles. To avoid false-negative labeling of smaller profiles, profiles were considered as dual-labeled if they contained electron-dense reaction product and at least one gold particle. Criteria for field selection included good morphological preservation, the presence of
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immunolabeling in the field, and proximity to the plastic-tissue interface (i.e., the surface of the tissue) to avoid problems due to differences in antibody penetration (Milner et . For this, NR1-SIG particle localization was categorized as (1) plasmalemmal, (2) near plasmalemmal (particles not touching but within 70 nm from the plasma membrane), or (3) cytoplasmic. The investigator performing the quantification of SIG particles was blinded to experimental condition. Microcomputer Imaging Device software (MCID, Imaging Research Inc, Ontario, Canada) was used to determine cross-sectional diameter, perimeter, surface area, form factor, and major and minor axis lengths of each immunolabeled dendrite. Dendrites with an oblong or irregular shape (form factor value < 0.5) were excluded from the dataset. The parameters used for statistical comparisons were as follows: (1) number of plasmalemmal NR1-SIG particles on a dendrite/dendritic perimeter, (2) number of near plasmalemmal NR1-SIG particles, (3) number of cytoplasmic NR1-SIG particles/dendritic cross-sectional area, and (4) total NR1-SIG particles (sum of plasmalemmal, near plasmalemmal and cytoplasmic) in a dendritic profile. Dendrites were further divided in small (< 1.0 µm) and large (> 1.0 µm) based on average diameter, which correspond with distal and proximal to the cell body (Peters et al., 1991) . Dendritic area and average diameter also were compared across all groups.
One-way ANOVA was used to compare SBP values or SIG particle density of three groups. Significant results were further analyzed with Tukey's HSD post hoc test. Student's t-test was used to compare two groups. Data are expressed as means ± SEM. Values were considered statistically significant when p < 0.05.
Figure preparation
Images were cropped in Adobe Photoshop 9.0 or PowerPoint 2010. Final adjustments to brightness, contrast, sharpness and size were done in PowerPoint 2010. These changes did not alter the original content of the raw image. Graphs were generated in Prism 5 (GraphPad Software, La Jolla, CA).
RESULTS

Distribution of ERβ-EGFP-labeled cells in the PVN
As described previously , low magnification showed dense packing of ERβ-EGFP-labeled cells in the PVN (Fig. 1B) . When viewed at higher magnification, thick straight dendritic-like processes of ERβ-EGFP neurons could be distinguished (Fig. 1B, inset) .
By electron microscopy, NR1-SIG particles were easily identifiable. NR1-SIG particles were localized in the cytoplasm, near the plasmalemma, and on the plasma membrane of ERβ-EGFP-containing dendrites (Fig. 1C) . NR1-SIG particles also were observed in ERβ-EGFP-labeled terminals and somata, and in non-ERβ-containing dendrites, terminals and glia (not shown). ERβ-EGFP-containing dendrites were contacted by numerous terminals, some of which formed asymmetric synapses.
Dual labeling with retrogradely transported tracer revealed co-localization of FG and EGFP in PVN neurons (  Fig. 1F) consistent with previous studies in rats (Laflamme et al., 1998) showing that ERβ-EGFP-expressing neurons of the PVN project to the spinal cord.
Slow-pressor AngII increases SBP in males and aged females, but not in young females
Infusion of AngII significantly increased SBP in males (p = 0.0008) and aged females (p = 0.0184) on day 13 relative to their respective saline controls (Fig. 2) . No significant SBP difference was observed between AngII and saline conditions in young females or in baseline SBP across all groups.
Figure 2 Angiotensin II (AngII) increases systolic blood pressure (SBP) in males and aged females but not in young females
Baseline NR1 density in PVN ERβ-EGFP dendrites decreases with aging and is greater in young females than in males
Both sex and age influenced NR1-SIG density in PVN ERβ-EGFP dendrites. A significant effect of sex was observed in near plasmalemmal (F(2, 294) = 3.675, p = 0.0265) and cytoplasmic (F(2,286) = 5.583, p = 0.0031) NR1-SIG density. Post-hoc analysis revealed greater NR1-SIG density in young females than in males (near plasmalemmal: p < 0.05; cytoplasmic: p < 0.01). Near plasmalemal NR1-SIG density in dendrites of young females was greater than in aged female mice (p = 0.0363). Significant effects of sex and age were observed in total NR1-SIG density (F(2,357) = 5.118, p = 0.0064). Post-hoc analysis revealed greater total NR1-SIG density in young females than in males and aged females (p < 0.05) (Fig. 3A) .
Figure 3 Baseline NR1 density in ERβ-EGFP-labeled PVN dendrites decreases with aging and is greater in young females than in age-matched males
In small ERβ-EGFP dendrites (< 0.1 um in diameter), a significant effect of sex was observed in cytoplasmic NR1-SIG density (F(2,205) = 4.908, p = 0.0083) (Fig. 3C) . Post-hoc analysis revealed greater cytoplasmic NR1-SIG density in young females than in males (p < 0.01). Greater near-plasmalemmal NR1-SIG density was observed in young females than in aged female mice (p = 0.0400) (Fig. 3B) , and greater cytoplasmic NR1-SIG density was also seen in dendrites of aged females than in males (p = 0.0401) (Fig. 3C) .
In large ERβ-EGFP dendrites (> 1.0 um in diameter), a significant effect of sex was observed in near plasmalemmal (F(2, 72) = 6.284, p = 0.0031) and total NR1-SIG density (F(2, 83) = 6.470, p = 0.0024). Post-hoc analysis revealed greater near plasmalemmal NR1-SIG density in young and aged females than in males (young females: p < 0.01; aged females p < 0.05) (Fig. 3B) , and greater total NR1-SIG density in young females than in males (p < 0.01) (Fig. 3D ). Age differences in females were also observed, as greater total NR1-SIG density was observed in young females than in aged female mice (p = 0.0375) (Fig. 3D) .
No difference was found in plasmalemmal NR1-SIG density, or in diameter and area of labeled dendrites.
In ERβ-EGFP dendrites, NR1 density decreases in young females, but increases in males and aged female mice in response to AngII infusion
In males, AngII infusion increased near plasmalemmal (p = 0.0402) and total (p = 0.0465) NR1 density in large ERβ-EGFP dendrites in the PVN in comparison with saline-infused controls (Figs. 4A-B, D-E) . No difference between AngII and saline infusion was found in plasmalemmal and cytoplasmic NR1-SIG density, nor in diameter and area of labeled dendrites. In young females, AngII infusion decreased total NR1-SIG density (p = 0.0050) and induced a trend (p = 0.0582) toward a decrease in cytoplasmic NR1-SIG density in all (small+large) ERβ-EGFP dendrites in comparison with saline-infused controls (Figs. 5A-C) . In small ERβ-EGFP labeled dendrites, AngII infusion decreased cytoplasmic (p = 0.0280, Fig. 5E ) and total (p = 0.0235, Fig. 5F ) NR1-SIG density. In large ERβ-EGFP labeled dendrites, AngII infusion decreased near plasmalemmal (p = 0.05, Fig. 5D ) and total (p = 0.0043, Fig. 5F ) NR1-SIG density. No difference between AngII and saline infusion was found in plasmalemmal NR1-SIG density, nor in diameter and area of labeled dendrites.
Figure 5 In young females, AngII infusion significantly decreased NR1 density in ERβ-EGFP-labeled PVN dendrites
In aged females, AngII infusion increased near plasmalemmal (p = 0.05) and total (p = 0.0086) NR1-SIG density in all ERβ-EGFP-labeled dendrites (Figs. 6A-B, C) . In small dendrites, AngII infusion increased near plasmalemmal (p = 0.0011, Fig. 6D ) and total (p = 0.0076, Fig. 6E ) NR1-SIG density. No difference between AngII and saline infusion was found in plasmalemmal and cytoplasmic NR1-SIG density, nor in diameter and area of labeled dendrites.
Figure 6 In aged females, AngII infusion significantly increased NR1 density in ERβ-EGFP-labeled PVN dendrites
DISCUSSION
This study demonstrates sex differences in NR1 subunit density and trafficking in ERβ-EGFP dendrites in the mouse PVN. Age differences in females are also shown. We found that at baseline young females had greater NR1 density in ERβ-EGFP PVN dendrites than both males and aged females. This difference from the other two groups persisted in young female mice following sub-pressor infusion of AngII. Relative to saline controls, near plasmalemmal, cytoplasmic, and total NR1 density was lower in young females receiving AngII with no increase in SBP (Fig. 7 ). Yet, near plasmalemmal and total NR1 densities were increased in males and aged females, and both groups demonstrated an AngII-induced increase in SBP (Fig. 7) . These findings suggest a robust estrogendependent post-synaptic NMDA receptor trafficking in ERβ-containing PVN neurons, which could increase glutamatergic activity and play a role in the increased susceptibility to hypertension in menopause. 2013). However, the use of tail-cuff plethysmography to measure SBP in mice may induce restraint and thermal stress (Gross and Luft, 2003; Mattson, 1998) . As the amount of neural outflow to the cardiovascular system is influenced by restraint stress (Krukoff, 1998), we cannot rule out that stress could be a confounding factor in the blood pressure increases of the present study. Furthermore, estrogen modulates cardiovascular responses to stress. Previous work has shown that estrogen administration attenuates increases in blood pressure, heart rate, and number of activated neurons induced by restraint stress in OVX rats (Cherney et , 2006) . To minimize stress, the animals were handled by the same experimenter and at the same time of day throughout the study. Moreover, the brains were harvested one-day after the final blood pressure measurement.
Estrous cycle determination was done in all female mice to ensure that young females had regular pre-menopause estrous cycles of 4-5-days with proestrus, estrus and diestrus stages, and that aged females were "postmenopausal", showing an acyclic, anestrous status. Previous studies by our group and others found differences in ERβ mRNA and protein levels in the rodent hippocampus comparing proestrus with estrus and diestrus (Mitterling et al., 2010; Szymczak et al., 2006) . Therefore, female mice that were at proestrus (high estrogen levels) on the day of perfusion were not included in the ultrastructural studies. No day-to-day effects of estrous cycle fluctuations on SBP measurements were found in young female mice.
The present study utilized the pre-embedding immunogold-silver technique to localize antisera selectively recognizing NR1. Although SIG labeling can yield lower estimates of receptor number than immunoperoxidase labeling due to limited reagent penetration (Leranth and Pickel, 1989), this limitation did not likely affect comparisons between groups since (a) PVN sections were pooled and processed together to control for differences in antibody penetration (Pierce et al., 1999) , and (b) ultrathin sections were collected from the tissueplastic interface where immunoreagent access is maximal (Milner et al., 2011) . For each mouse, a similar number of dual labeled dendrites were collected to insure that between-group comparisons were not affected by preembedding SIG limitations. By controlling these factors, variability between animals in each experimental group was minimal. Analysis of NR1-SIG density in non-ERβ-containing dendrites was not performed, as these dendrites arise from a mixed population of neurons. As previously described (Milner et al., 2010) , immunoperoxidase reaction product for EGFP in the PVN filled somata and dendrites. NR1-SIG particles were discretely localized within neuronal profiles and easily quantifiable. These features facilitated between group comparisons at the electron microscopic level. NR1-SIG immunoreactivity was found in the cytoplasm, near the plasmalemma and, to a lesser extent, on the plasmalemma of dendrites, terminals and somata in the PVN. NMDA receptors are transported to the plasma membrane after subunit assembly in the endoplasmic reticulum and processing in the Golgi apparatus (Wenthold et al., 2003) . The extrasynaptic population of NMDA receptors has been suggested to represent receptors that are awaiting incorporation into the synapse (Wenthold et al., 2003) . Furthermore, activity-dependent endocytosis of NMDA receptors may preferentially occur at an extrasynaptic site (Nong et al., 2003; Wenthold et al., 2003) . Therefore, near plasmalemmal NR1 may represent functional NMDA receptors being trafficked to/from the plasmalemma.
Sex and age differences in susceptibility to slow pressor AngII-elicited hypertension
Our results confirm and extend previous studies (Girouard et al., 2008; Xue et al., 2007a; Xue et al., 2005) showing that slow-pressor infusion of AngII elicited blood pressure increase in males, but not in young females, while aged female mice were also susceptible to hypertension. Both the sex difference in young animals and the age difference in females at reproductive stage characterized by low estrogen levels point to a role for estrogen in preventing hypertension development. Previous work has shown that central infusion of 17β-estradiol attenuates AngII-induced hypertension in males and OVX females, whereas in intact females, normally unresponsive to AngII effects, blockade of ER results in an increase in blood pressure (Xue et al., 2007b) . Moreover, 17β-estradiol has been shown to inhibit AngII-induced increases in sympathetic outflow in male mice (Xue et al., 2008) . Young males, but not age-matched females demonstrate blunted bradycardic responses to AngII infusion (Xue et al., 2005) . In the blood-brain barrier-deprived subfornical organ, which sends excitatory projections to the PVN (Ferguson, 2009; Lind et al., 1982; Miselis, 1981) , estrogen may further inhibit central AngII effects by reducing AngII binding to angiotensin type 1 (AT1) receptors (Kisley et al., 1999) . Therefore, the greater estrogen levels observed in young "pre-menopausal" females may confer protection to AngII-induced blood pressure increases. Moreover, aging and sex are both known to alter central ERβ expression levels (Mott and Pak, 2013; Zuloaga et al., 2013) , which may also explain the greater susceptibility to AngII-elicited SBP increases in males and aged females observed in our study.
Sex and age differences in baseline NR1 density in PVN ERβ-EGFP dendrites
Young female mice showed greater baseline NR1 density in PVN ERβ-EGFP dendrites than males and aged females. Small (< 1.0 µm in average diameter) and large (> 1.0 µm) dendrites correspond to distal and proximal dendrites, respectively. Therefore, in distal ERβ-EGFP PVN dendrites, young and aged females show a larger cytoplasmic pool of NR1 than males, and young females show greater near-plasmalemmal NR1 density than aged females. Conversely, in proximal ERβ-EGFP PVN dendrites, young females show greater total NR1 density than males and aged female mice, whereas young and aged females show greater near-plasmalemmal NR1 density than males. Previous studies in hippocampal CA1 pyramidal neurons have shown distance-dependent functional differences in expression of synaptic strength in dendrites. Whereas the synaptic strength at proximal dendrites depends on the ability to depolarize the soma/axon, distal dendrites influence neuronal activity through large local depolarizations and heterosynaptic potentiation of proximal synapses -expressed by increased AMPA and NMDA receptor activity (Han and ) showed a reduction in NR1 mRNA expression in the preoptic area and arcuate nucleus of the hypothalamus in middle-aged females in comparison with young females rats. Moreover, NR1 mRNA levels in the hypothalamic medial eminence were increased in intact rats, but decreased in OVX rats with aging (Gore, 2001) , suggesting a role of ovarian factors other than estrogen in the regulation of NR1 expression. Altogether, these differences in NR1 mRNA and protein levels could influence short-term excitability and longterm gene expression.
Both sex and age influence NR1 density in PVN ERβ-EGFP dendrites in response to AngII infusion
The observed effect of slow-pressor AngII infusion on NR1 density in dendrites of ERβ-EGFP neurons in the PVN of in young females is opposite to that seen males and aged female mice. Whereas an overall decrease in NR1 density is observed in young females following AngII infusion, near plasmalemmal and total NR1 density increase in males and aged females in proximal and distal dendrites, respectively. Additional studies using aged male mice are needed to evaluate if aging explains this difference. Involvement of NMDA receptors of the PVN in the increased sympathoexcitation in hypertension is well established (Cui et Near plasmalemmal accumulation of NR1 may result from desensitization/internalization of NMDA receptors that occurs in response to repetitive activation (Nakamichi and Yoneda, 2005) . In association with the increased near plasmalemmal NR1 density, the observation that cytoplasmic NR1 density was unchanged and total NR1 density was increased by AngII suggests enhanced synthesis and/or decreased degradation of NR1. This also suggests that internalized NR1 may be recycled to the plasma membrane instead of being degraded. Regarding the increased total NR1 density, previous studies showed up-regulation of NR1 mRNA expression and protein levels in the PVN of rats with a coronary ligation model of chronic heart failure (Li et al., 2003; Zheng et al., 2011) . Moreover, increased AMPA receptor GluR1 subunit density in SHR and deoxycorticosterone acetate-salt rats has been shown in the NTS (Aicher et al., 2003; Hermes et al., 2008) . Taken together, the present results suggest that decreased degradation and/or up-regulation of total NR1 expression and increased near plasmalemmal density in ERβ-EGFP dendrites in the PVN may contribute to the increased glutamatergic transmission and resulting sympathoexcitation observed in "slow-pressor" AngII hypertension.
In young female mice, AngII infusion decreased near plasmalemmal, cytoplasmic and total NR1 density in ERβ-EGFP dendrites in the PVN. Decreased NR1 synthesis or degradation of internalized NR1 subunits rather than return to the plasmalemma could explain the overall decrease in NR1 density and expression after 14 d of AngII infusion. In line with the present results, Gingerich and Krukoff (2006) showed that estrogen attenuates Lglutamate-induced pressor response in the PVN of male rats, an effect mediated by ERβ, NO production and GABA-A receptors. Likewise, increased NO production in ER-containing neurons of the PVN after AngII infusion has been shown in female mice (Xue et al., 2009 ). Moreover, Xue et al. (2013) showed that silencing ERβ in the PVN of OVX rats augmented aldosterone-induced hypertension and reactive oxygen species production. Thus, the present results suggest the existence of an additional adaptation mechanism in ERβ-expressing neurons of the PVN, in that increased degradation or decreased synthesis of NMDA receptors would dampen glutamate transmission following AngII-infusion in young female mice. A comparable adaptation would not occur in males and aged females, suggesting a protective role of estrogen mediated by ERβ in the PVN.
In conclusion, our results show sex differences in baseline NR1 density and in changes in NR1 density in response to AngII infusion in ERβ-containing dendrites of the PVN. Age differences in females are also observed. These effects are associated with differential effects of AngII in blood pressure. Therefore, our results support the increasing body of evidence showing a central protective role of estrogen on the development of hypertension, and neurobiological changes in cardiovascular control associated with the increased incidence of
